INTRODUCTION {#sec1-1}
============

The ocular surface of the eye comprises of the cornea, conjunctiva and limbus and is protected by stratified, non-keratinizing squamous epithelium. The corneal epithelial cells undergo constant renewal and regeneration. The stem cells responsible for this corneal epithelial renewal are presumed to reside within the basal epithelium at the limbus.[@ref1]--[@ref4] Cells from the corneal surface are desquamated and replaced by proliferating basal epithelial cells migrated from the periphery. Thoft and Friend proposed a 'X, Y, Z hypothesis' of corneal epithelial maintenance in which the desquamated cells (Z component) are continuously replaced not only by the basal cells (X) but also by cells that migrate in from the periphery (Y).[@ref5] Thus, migration occurs centripetally and circumferentially from the limbus and vertically from the basal layer forwards. Limbal stem cells (LSCs) maintain the integrity of the corneal surface, and the limbus might also function as a physical barrier that prevents conjunctival epithelium from growing onto the cornea. In limbal stem cell deficiency, (LSCD) the corneal epithelium cannot be renewed and is replaced by the conjunctival epithelial cells.

Etiology of limbal stem cell deficiency {#sec2-1}
---------------------------------------

LSCD can also be categorized as congenital or acquired \[[Table 1](#T1){ref-type="table"}\]. Diseases in the congenital category include; aniridia,[@ref6][@ref7] keratitis associated with multiple endocrine deficiency,[@ref8][@ref9] dyskeratosis congenita,[@ref10][@ref11] and epidermal dysplasia.[@ref12][@ref13] Common causes in acquired LSCD include chemical and thermal burns, multiple ocular surgeries involving the limbal region, contact lens wear, and ocular surface inflammatory diseases.[@ref6][@ref8][@ref14]--[@ref17] In contact lens wear, chronic mechanical microtrauma, hypoxia, and irritation from contact lens solution might be responsible for the damage to the limbus. Inflammatory diseases involving the ocular surface such as Stevens-Johnson syndrome and mucous membrane pemphigoid are well known acquired etiologies that can lead to LSCD. Other inflammatory conditions such as severe chronic vernal keratoconjunctivitis and microbial infection involving the limbus can directly destroy the stem cells.[@ref14] Radiotherapy and toxicity from topical medications such as mitomycin C and 5-FU can directly destroy the stem cells and their niche.[@ref18][@ref19] Long-term topical medications and aphakic and pseudophakic bullous keratopathy can also cause LSCD.[@ref20] Idiopathic LSCD is also a known clinical entity when no known cause can be found. Loss of stem cells could be due to direct damage to the LSCs, stem cell microenvironment/niche, or both.[@ref21] Aniridia is a congenital disorder in which the abnormal LSC niche cannot sustain the proliferation and differentiation of LSCs.[@ref22] In dyskeratosis congenita, the defect in stem cells is principally caused by telomerase deficiency.[@ref10] In most of the acquired LSCD, it is likely that both LSCs and their niche are affected.[@ref23]

###### 

Etiology of limbal stem cell deficiency

![](MEAJO-20-5-g001)

Presentation of limbal stem cell deficiency {#sec2-2}
-------------------------------------------

Clinical manifestations of the LSCD varies based on the severity and extent of involvement.[@ref24] In partial or sectoral LSCD, in which only a segment of the limbus is involved, stippled late fluorescein staining is seen due to the loss of cell-cell tight junction that leads to staining of the basement membrane \[[Figure 1a](#F1){ref-type="fig"}\]. These abnormal cells may be a mixture of metaplastic corneal epithelial cells and conjunctival epithelial cells. The stippling fluorescein staining could follow a vortex pattern \[[Figure 1b](#F1){ref-type="fig"}\]. There might be thinning of the epithelium layer. A clear line of demarcation may be visible between the corneal and conjunctival epithelial cells. The fluorescein dye tends to pool on the conjunctivalized area, because of the relative thinner epithelium.[@ref24] Patients at this stage may experience decreased vision and photophobia. Additional features may include unstable tear film, filaments or erosion over the affected area. Disarrayed limbal palisade of Vogt and perilimbal vascular arcades are early anatomical changes in mild cases of LSCD. However, absence of palisades of Vogt alone does not indicate LSCD.[@ref25][@ref26] In moderate to severe cases, as the limbal function declines more, clinical features include recurrent epithelial defects and superficial vascularization. The vision is further compromised. Persistent epithelial defect (PED) may lead to scarring, ulceration, stromal neovascularization, corneal thinning or even perforation. Recurrent corneal erosion or PED causes severe pain, photophobia and greatly decreased vision \[[Figure 2](#F2){ref-type="fig"}\]. If there is also the presence of tear deficiency, keratinization may occur. Total LSCD is characterized by a complete absence of limbal stem cell populations accompanied by conjunctivalization of the entire corneal surface \[[Figure 1c](#F1){ref-type="fig"}\]. Neovascularization is often seen but might not be present in some cases of LSCD. The patient is functionally blind \[[Figure 2](#F2){ref-type="fig"}\].

![Clinical presentation of limbal stem cell deficiency. (a) Late fluorescein staining in the superior peripheral cornea (arrow). (b) Stippling fluorescein staining and pooling in the same area in a vortex pattern (arrow). (c) Total LSCD, in a patient status post penetrating keratoplasty. There is corneal vascularization and a persistent epithelial defect](MEAJO-20-5-g002){#F1}

![Confocal images of central cornea in normal subject and limbal stem cell deficiency (LSCD). (a) Basal epithelial cells in normal subject. Cell size is small and cell borders are distinct. (b) Basal epithelial cells in moderate degree of LSCD. The cell size is enlarged and the cell boarder is indistinct. (c) Epithelial cells in total LSCD. There is loss of normal corneal epithelial cells and presence of severe neovascularization. Infiltration of many inflammatory cells is present (arrow)](MEAJO-20-5-g003){#F2}

The conjunctiva is also involved in many diseases that cause LSCD, such as chemical burns, Stevens-Johnson syndrome, mucous membrane pemphigoid. Chronic inflammation often causes fibrosis and continues to cause damage to the conjunctival and LSCs. Subconjunctival fibrosis leads to symblepharon formation and forniceal foreshortening. Goblet cell deficiency is often seen in these diseases. This also contributes to the poor tear function and further worsens the ocular surface in these patients.

Diagnosis of limbal stem cell deficiency {#sec2-3}
----------------------------------------

LSCD can be detected clinically based on the presentation described above. However, some of the signs present in LSCD are also seen in other conditions that do not have a component of LSCD. In particular, signs in partial LSCD are often subtle and non-specific. Laboratory tests are necessary to confirm the diagnosis of LSCD and monitor success of surgical interventions. In this section, impression cytology and *in vivo* confocal microscopy are discussed.

Impression cytology {#sec2-4}
-------------------

Impression cytology has been the gold standard diagnostic test for LSCD.[@ref8] A nitrocellulose acetate filter paper is often used. It is placed on the ocular surface and usually removes 1-3 cell layers. It is therefore, ideal to study superficial cells. The cells collected on the membrane can be then subjected to histological, immunohistological, or molecular analysis. Conventional histological staining such as haematoxylin or Periodic acid Schiff or Papanicolaou is performed on the membrane. The epithelial morphology and goblet cells are evaluated. The presence of goblet cells on the cornea signifies conjunctival epithelial invasion. However, in conditions, including chemical or thermal injuries, goblet cell deficiency is also present in up to 36% of patients.[@ref27] Hence the lack of goblet cells may lead to false-negative results. The epithelial morphology alone cannot distinguish conjunctial epithelial cells from corneal epithelial cells.

Cytokeratins are a group of proteins that form intermediate filaments in epithelial cells and are expressed in distinct patterns during epithelial development and differentiation. Immunocytochemistry on impression cytology specimens could identify the specific cytokeratin and hence the type of epithelium. There are several conflicting reports in the literature regarding the specificity of the cytokeratin expression. Cytokeratin 3/12 are regarded as markers of corneal epithelial differentiation while Cytokeratin 19 has been reported as conjunctiva specific cytokeratin.[@ref28][@ref29] However, recently Cytokeratin 7 and 13, mucin (MUC) 1 and MUC5AC are reported as being more specific for conjunctival epithelium than cytokeratin 19.[@ref30]--[@ref33] It has also been reported that molecular analysis using RT-PCR for the detection of MUC5AC transcript in the corneal epithelium is a sensitive, specific and objective technique.[@ref33] The specificity of these new markers needs to be confirmed by subsequent studies. Refinement of the molecular analysis techniques would be necessary to establish this method as a more sensitive and specific diagnostic tool to detect specific markers of the conjunctival and corneal epithelium.

*In vivo* laser scanning confocal microscopy {#sec2-5}
--------------------------------------------

*In vivo* laser scanning confocal microscopy (IVCM) provides high-resolution images of the ocular surface at the cellular level. Its use in ophthalmology has expanded tremendously over the last decade. Recently, IVCM has been used to study corneal and limbal microstructures.[@ref34]--[@ref36] In normal cornea, wing cells have a dark cytoplasm, well-defined bright borders and no visible nuclei. The deep basal epithelia layer cells are smaller in size, with no visible nuclei and the cell border is still very well defined. In addition, palisades of Vogt may be detected as hyper-reflective, double-contour linear structures in confocal microscopy of the living scleral limbus.[@ref35][@ref36] There are significant microstructural changes in LSCD. Vera *et al*. reported corneal epithelial abnormalities and absence of the subbasal nerve plexus in patients with chronic Stevens-Johnson syndrome, toxic epidermal necrolysis and LSCD.[@ref37] Recently, microstructural changes have been detected in the cornea and limbus in LSCD compared to normal controls.[@ref36] In this study, patients are classified into 3 stages of LSCD: early, intermediate, late stage based on clinical presentation and evaluated the corneal and limbal epithelium changes on confocal microscopy. Significant microstructural changes in the corneal and limbal epithelium are seen even in the early stage of LSCD \[[Figure 2](#F2){ref-type="fig"}\]. The corneal epithelial cells in LSCD have less distinct borders and have prominent nuclei. The size of basal epithelial cells increases. Epithelial cells in the deeper layers become affected in more advanced stage of LSCD. In the late stage, epithelial cells show significant metaplasia and there is neovascularization. Compared with the healthy control subjects, eyes with early stage LSCD have an average of 38% reduction in basal epithelial cell density and a 58% reduction in subbasal nerve density. The limbal epithelium also shows similar changes and there is an absence of palisades of Vogt. A combination of morphological changes in the corneal epithelium, and a significant reduction in both basal epithelial cell density and subbasal nerve density might be the early signs of LSCD.

Detection of goblet cells in the corneal epithelium of patients with LSCD has been reported.[@ref38] However, there is inconsistency regarding the morphological features of goblet cells on the confocal images. Some reported that they presented with a hyperreflective cytoplasm,[@ref39] others suggested hyporeflective cytoplasm.[@ref40] This variation might be due to the different content of the goblet cells. Nevertheless, the absence of goblet cells does not signify the absence of LSCD.

MANAGEMENT {#sec1-2}
==========

Medical management of limbal stem cell deficiency {#sec2-6}
-------------------------------------------------

Optimization of ocular surface health is the first step in the management of LSCD. Often, there are constant insults to the corneal epithelium from multiple concurrent external disorders such as dry eyes, ocular surface inflammation, soft contact lens, and drug toxicity from multiple eye medications. In partial LSCD, improving ocular surface health provides a better environment for the remaining LSCs to survive. In the case of total LSCD, these measures can provide the best chance for the transplanted limbal graft to survive. Dry eye syndrome can be treated with frequent preservative-free artificial tears, punctual occlusion, and topical cyclosporine. Long term preservative free topical cortical steroids might be necessary to control ocular surface inflammation as in chemical burns and Stevens-Johnson syndrome. In the case of LSCD due to contact lens wear, complete cessation of the wear is necessary and topical corticosteroids may facilitate the recovery.[@ref41]

Fluid-ventilated, gas-permeable scleral contact lenses are valuable in the management of severe ocular surface disease.[@ref42][@ref43] They help to improve vision, reduce ocular pain and photophobia associated with severe ocular surface disease. Scleral lenses also promote healing of PED refractory to other treatments and prevent PED recurrence.[@ref43]

Surgical management of limbal stem cell deficiency {#sec2-7}
--------------------------------------------------

Unilateral or bilateral partial LSCD may only require observation if the patient is asymptomatic. Repeated mechanical debridement known as the sequential sector conjunctival epitheliectomy, amniotic membrane transplantation, and ipsilateral limbal translocation to an area of LSCD are suggested as an early therapeutic option.[@ref44]--[@ref46] Amniotic membrane promotes epithelialization and reduces angiogenesis and inflammation. It preserves and maintains the epithelial progenitor cells and thus can be used instead of limbal transplantation in the management of partial LSCD. Alternatively, limbal tissue harvested from a healthy area may be cultured *ex vivo* and transplanted to one or both eyes in case of bilateral involvement.

Total unilateral LSCD requires a conjunctival limbal autograft which may be harvested from the healthy fellow eye. Successful transplantation of conjunctival limbal autograft from the healthy fellow eye for a large series of cases with unilateral LSCD was first reported by Kenyon and Tseng in 1989.[@ref47] Such large grafts post a significant risk of developing iatrogenic LSCD in the donor eye. Alternatively, a small piece of limbal tissue, usually 2 × 2 mm, may be harvested from the healthy fellow eye or donor eye and transplanted following *ex vivo* cultivation of stem cells on various substrates and achieve excellent long term clinical outcomes.[@ref48][@ref49] Recently, a technique called "simple limbal epithelial transplantation" was described. Direct transplantation of the 2 × 2 mm piece of healthy limbal donor that is cut into pieces and secured on amniotic membrane using fibrin glue without *ex vivo* cultivation can successfully reconstruct the ocular surface after pannus excision.[@ref50] The long term result of this technique is unknown.

In total bilateral LSCD, limbal stem cell transplantation from allogeneic tissue is necessary. Allogeneic tissues may be obtained from a cadaveric or a living-related donor and transplanted to the ocular surface directly.[@ref51][@ref52] Alternatively, transplantation of the cell sheet after cultivation can also achieve success. Allografts require prolonged systemic immunosuppression and the long-term survival of allograft is worse than that of autologous transplantation.[@ref53] Transplantation of cultivated autologous oral mucosal epithelial cells has achieved good success in stabilizing the ocular surface.[@ref54][@ref55] The visual improvement using this approach is not as optimal.

Keratoprosthesis can be used as an alternative to allograft transplantation to avoid immunosuppression. The Boston type 1 keratoprosthesis can achieve an excellent visual outcome in eyes with LSCD secondary to non-immnumological disorders if there is adequate tear function.[@ref56] Due to the nature of LSCD, persistent and recurrent epithelial defects often occur in a majority of the patients postoperatively. Bandage contact lens, conjunctival graft or oral mucosal graft might be necessary to stabilize the ocular surface. The osteo-odonto keratoprosthesis and the Boston type 2 keratoprosthesis are reserved for total LSCD with minimal or no tear function.[@ref57]--[@ref59]

In summary, diagnosis of LSCD is often clinical. Significant advances have been made to develop noninvasive tests to objectively diagnose LSCD in recent years. Diagnostic tests that can quantify the stem cell function may help to develop a classification system for LSCD, and monitor the progress of the disease and treatment outcomes. The management of LSCD remains challenging. Many medical and surgical options are available to rehabilitate the ocular surface. When judiciously used, successful outcomes can be achieved in a majority of cases.
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